ABSTRACT A family of heterocyclic thiosemicarbazone dyes (1-9) linked to different furan, thiazole, (bi)thiophene and arylthiophene π-conjugated bridges were synthesized in good yields and their response toward anions was studied. Acetonitrile solutions of 1-9 show bands in the 326-407 region that are modulated by the electron donor or acceptor strength of the heterocyclic systems appended to the phenyl-thiosemicarbazone moiety. Anions of different shape such as fluoride, chloride, bromide, iodide, dihydrogen phosphate, hydrogen sulphate, nitrate, acetate, cyanide and thiocyanate were employed for the recognition studies. From these anions, only fluoride, cyanide, acetate and dihydrogen phosphate displayed sensing features. Two different effects were observed, (i) a low bathochromic shift of the absorption band due to coordination of the anions with the thiourea protons and (ii) the growth of a new red shifted band with a concomitant change of the solution from yellow or pale yellow to orange-red due to deprotonation. The extent of each process is a balance between the acidity tendency of the thioureido-NH donors modulated by the donor or acceptor groups in the structure of the receptors and the basicity of the anions. Fluorescence studies were also in agreement with the different effects observed on the UV/Vis titrations. Stability constants for the two processes (complex formation + deprotonation) for selected receptors and the anions fluoride and acetate were determined spectrophotometrically using the program HYPERQUAD. Semiempirical calculations to evaluate the hydrogen-donating ability of the dyes and 1 H NMR titrations experiments with fluoride were carried out. A prospective electrochemical characterization of compound 3 in the presence of anions was also performed.
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INTRODUCTION
The recognition and signalling of ionic and neutral species of varying complexity is one of the most intensively studied areas of contemporary supramolecular chemistry. In this field, the host molecules (commonly known as receptors) are usually designed in such a way that upon coordination with a guest a measurable signal such as changes in colour, fluorescence or redox potential is observed. 1 Host molecules are generally comprised by two subunits, i.e. the "binding site" (properly the host, responsible of coordination event) and the "signalling subunit" (in charge of the transduction event) that are usually 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   3 attached forming a superstructure. This approach needs the design and covalently attach of the binding site and the signalling subunit in a pre-organized fashion that matches the size and shape of the target guest. 2 Apart of other reported paradigms, 3 the supramolecular signalling process in the "binding site", "signalling unit" protocol comprises two steps: (i) selective coordination of a target guest by suitable coordinating groups, and (ii) a transduction of the coordination event through modulation of the optical or the electrochemical properties of the host. 4 Optical outputs are especially attractive with respect to the transduction of a modulated signal, because detection uses cheap, easy-to-handle and widely extended instrumentation. Besides fluorescence-based systems, colorimetric recognition has gained popularity in recent years because a shift of an absorption band is often intrinsically ratiometric, avoids the necessity for an internal reference and also offers the possibility of so-called "naked eye detection" for semiquantitative determinations. 5 In addition to optically responsive hosts for metal ions, which have been investigated for more than 25 years, anionic guests have only recently shifted into focus. 6 This is basically due to the fact that the hostguest chemistry of inorganic anions is more challenging than for metal ions because of their more complex shapes, common pH dependence and the competition of water in hydrogen bonding interactions. The supramolecular approach often starts with the design of the recognition and transduction processes at the molecular scale. Most of the supramolecular chemistry of anions has been developed based on electrostatic and hydrogen bonding interactions between the receptor and the substrate. In particular, neutral receptors for anions generally contain NH fragments which act as hydrogen bond donors with the anion. 7 In contrast to merely electrostatic interactions, hydrogen bonds are directional, a feature which allows the design of receptors capable of differentiating between anions with different geometries and hydrogen-bonding requirements. As an example, ureas and thioureas have demonstrated to be excellent coordinating groups for Y-shaped anions such as carboxylates, through the formation of two directed hydrogen bonds. Of all the hydrogen-bonding donor groups, phenylthiourea derivatives have been a subject of intensive investigations for its performance in the construction of anion receptors via hydrogen-bonding interaction by thioureido-NH donors. 8 This interest has recently 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 4 been enhanced because of the promising progress in the thiourea-based organocatalysts via hydrogen bonding. 9 Obviously the hydrogen bonding ability of the thiourea moiety is an important parameter, which in principle depends on the acidity of the thioureido NH protons and the number of binding sites.
From a structural point of view, a direct means of tuning this acidity is to introduce substituents of varied electron-donating or withdrawing ability. 10 Additionally, experimental and theoretical studies have demonstrated that replacing the benzene ring of a chromophore bridge with easily delocalizable five-member heteroaromatic rings, such as thiophene, pyrrole and thiazole, results in an enhanced intramolecular electronic delocalisation. While the aromaticity of heteroaromatics affects the electron transfer between donor and acceptor groups, the electron-rich or electron-deficient nature of the heterocyclic ring systems may also play a major role in determining the overall electron-donating and accepting ability of the substituents: electron-rich heterocycles act as auxiliary donors and electrondeficient heterocycles act as auxiliary acceptors.
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On the other hand, and inside the family of aromatic five-membered heterocyclic rings, thiophene is probably one of the less employed by now in the development of optical chemosensors for anions regardless of its interesting chemical properties. 12 Despite this lack of use in optical sensing, thiophenes are important heterocyclic compounds that are widely used as building blocks in many agrochemical and pharmaceutical applications. For instance thiophene derivatives are used in manufacturing dyes, aroma compounds and certain pharmaceutical derivatives. Moreover, polythiophenes have attracted increasing attention in certain applications such as electronic devices, nonlinear optics, energy storage, electrochromic devices, electrochemical sensors and modified electrodes. 13 Recently some of us have reported the synthesis and the characterization of novel π-conjugated heterocyclic systems for several optical applications such as nonlinear optical materials, 11 OLEDs 14 and colorimetic and/or fluorimetric sensors. 15 Following this previous work on the synthesis and evaluation of heterocyclic derivatives for several optical applications and considering also our interest in chemosensing applications 15, 16 we now report the synthesis and the characterization of new heterocyclic N-phenylthiosemicarbazones 1-9 containing thiourea binding sites. Our approach is original and 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 5 different from other related reports, 8 due to the replacement of the usually used aryl moiety by the heteroaromatic π-conjugated systems. To our knowledge, we report herein one of the very few examples as probes using phenylthioureas functionalized with heterocyclic moieties. 17 RESULTS AND DISCUSSION.
Synthesis and characterization:
The formyl precursors I-IX functionalized with several groups such as alkoxy, N,N-dialkylamino and cyano, linked to different π conjugating bridges were used in order to evaluate the influence of the structure modification (i.e donating and accepting strength of these groups and nature and length of the π-conjugated bridge) on the optical properties of Nphenylthiosemicarbazones. The new compounds 1-9 with furan, thiazole, (bi)thiophene and arylthiophene π-conjugated bridges were synthesized in good yields (50-89%) through Schiff-base condensation of heterocyclic aldehydes I-IX with 4-phenyl-3-thiosemicarbazide in methanol at room temperature or in ethanol at 50 o C (see Scheme 1). Aldehydes II-III and VII-VIII are inexpensive and commercially available, and 5-formyl-2-methoxythiophene I 18 and formyl arylthiophenes IV-VI and IX 19 were easily synthesized in good yields respectively through metalation of 2-methoxythiophene followed by reaction with DMF or through a Suzuki cross-coupling reaction of hetero(aryl) boronic acids with hetero(aryl) bromides. All the compounds were completely characterized by 1 H NMR, 13 C NMR, IR, MS, EA or HRMS and the data obtained were in full agreement with the proposed formulation (see experimental section).
The most characteristic signals in the 1 H NMR spectrum of this family of thiosemicarbazones were those corresponding to CH=N and N-H protons. 1 H-NMR studies using deuterated chloroform show CH=N protons in the 7.80-8.40 ppm range whereas thiourea-N-H protons are found in the 9.00-10.20 and 9.90-12.10 ppm interval for N-H adjacent to the monosubstituted phenyl ring and for the N-H adjacent to the CH=N moiety respectively. When the whole family of compounds is considered the highest variation in δ were found for the N-H protons located in the vicinity of the CH=N moiety adjacent to heterocyclic rings (thiophene, thiazole and furane) additional functionalized with electron 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 6 withdrawing or electron donor moieties (∆δ = 2.20 ppm). Moreover, CH=N protons were the less affected by the substituents located in its vicinity (∆δ = 0.60 ppm), whereas the N-H protons adjacent to the monosubstituted phenyl ring show a wider interval with ∆δ = 1.20 ppm.
Scheme 1.
Synthesis of the thiosemicarbazone receptors 1-9.
Spectroscopic behaviour of 1-9: Acetonitrile solutions (5.0 x 10 -5 mol dm -3 ) of thiosemicarbazonefunctionalised receptors 1-9 show an intense absorption band (log ε ≈ 4.5) in the 326-407 nm region (see Table 1 for spectroscopic data). previous works with other thiosemicarbazone derivatives, 20 the HOMO orbitals are mainly centred in the thiocarbonyl and phenyl groups and the LUMO orbitals are located at the thiophene ring. As a consequence the electronic transition between the HOMO and the LUMO has a strong charge-transfer character. In the opposite side receptor 5, containing an electron donor N,N-dimethylamino moiety, both HOMO and LUMO are located over the entire molecule suggesting a more cyanine-like structure (see Figure 1 ). In general, the results obtained reflect the expectation that the interaction between an electron-rich partner and a donor group in a push-pull system will produce a bathochromic shift. Such colour shifts, mainly in the presence of fluoride, have also been observed with other amide, urea, thiourea or pyrrolecontaining hosts and have been attributed to the formation of strong hydrogen-bonding complexes between the receptors and the highly basic F -anion that eventually is able to originate the deprotonation of the binding site of the host. 22 In fact we believe that it is this dual complex + deprotonation process what it occurs in our case for all the receptors in the presence of fluoride; i.e. a first step consisting in the formation of a hydrogen-bonding complex and a second step in which the receptor is deprotonated by the anion. The formation of the hydrogen-bonding complex between receptor and anion is reflected in a decrease in the intensity of the band centred at ca. 360 nm together with a very small bathochromic shift, whereas the deprotonation process induced the appearance of a new absorption band centred in the visible zone at ca. 400-450 nm. In particular, the negative charge generated upon proton release induced an increase in the intensity of the electrical dipole with the direct consequence of a substantial red shift of the band. The assignation of the band centred at 400-450 nm, formed upon addition of fluoride, to the deprotonated form of the corresponding receptor was confirmed via similar titration experiences carried 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 11 out with tetrabutylammonium hydroxide that resulted also in the formation of the new red shifted band.
The magnitude of both processes (complexation vs deprotonation) is thus a delicate balance between the basicity of the corresponding anion and the acidity of the N-H protons for a certain receptor.
In fact, a close view to the results suggests that the response toward basic anions of these receptors strongly depends on the chemical nature of the functional groups attached directly to the thiosemicarbazone moiety that modulated the acidity of the N-H protons. For instance, fluoride and cyanide anions were able to induce UV-Vis modulations for all the receptors tested whereas acetate is able to interact only with receptors 2, 3, 6-9 and hydrogen phosphate give negligible results with all the receptors tested with the exception of 6. More in detail, for a certain anion (i.e. fluoride) at a given concentration, the development of the band due to deprotonation grows more or less in intensity depending on the receptors used. The presence of electron withdrawing moieties in the structure of receptors, such as a cyanide group in 6, induced an increase in the acidity of N-H protons of the thiosemicarbazone favouring the interaction with fluoride anion and deprotonation whereas the presence of electron donor groups, such as methoxy and N,N-dimethylamino in 4 and 5 respectively, induced certain decrease in the acidity and the red-shifted band due to deprotonation develops in a lesser extent.
Nearly the same trend was observed in the presence of cyanide anion, whereas as stated above acetate anion is able to induce the appearance of the red shifted band only with receptors 2, 3, 6-9 that contain the more acidic N-H moieties and dihydrogen phosphate only with 6 that contains a cyanide electron withdrawing group in its structure. Additionally for acetate with 6 and 8, and dihydrogen phosphate with receptor 6, the ratio between the absorption of the ligand and the absorption for the deprotonated from
] is > 10 after addition of a large excess of anion indicating a poor presence of the deprotonated species even.
In this interaction of basic anions with the semithiocarbazones, the hydrogen bonding can thus be seen 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 12
The strength of both steps can be studied via the evaluation of the corresponding stability constants that were determined via UV-Vis spectroscopic titrations between the selected receptors 1, 2, 3, 4, 5, 6
and 8 and the anions fluoride and acetate using the program HYPERQUAD. The set of data were adjusted to the two consecutive equilibria shown above (i) first the formation of the hydrogen-bonding complex and (ii) deprotonation. The stability constants are shown in Table 2 . a No reliable results were obtained.
As a general trend the logarithms of the stability constants measured for both equilibria with fluoride are higher than those obtained for acetate. The logarithms of the stability constants for the formation of On changing from acetate to fluoride the stability constants for the deprotonation process are about 3 orders of magnitude higher reflecting the more basic character of fluoride anion, whereas the stability constants for the formation of the corresponding hydrogen-bonding complexes remain approximately the same for both anions.
It is noteworthy that the stability constants determined in this study for thiosemicarbazones are in general lower than that those reported for other urea/thiourea receptors functionalised with benzene rings containing electron withdrawing moieties. This is a clear consequence of the reduced acidity of receptors studied herein when compared with those other reported ligands. For instance, the compound 1,3-bis(4-nitrophenyl)urea has also been reported to display the two step process (coordination + deprotonation) upon addition of fluoride with logarithms of the stability constants for the formation of the complex and for deprotonation of 7.38 and 6.37 respectively. 23 Another 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 14 unstructured emission band. Quantum yields in acetonitrile ranged from quite low (receptor 8, 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 15 enhancement of the fluorescence intensity upon the addition of moderate amounts of fluoride anion followed by a quenching of the emission band at higher anion concentrations and the growth of a new band at longer wavelengths (λ em in the 410 -560 nm range, see Table 1 ). Finally it was confirmed that a very similar behaviour was found with receptors 1-6 in the presence of cyanide anion.
In order to interpret this behaviour we have made a comparison between changes observed in the emission and absorption spectra. As a typical example we show below the behaviour found for ligand 3
in the presence of fluoride and acetate. As can be seen in Figure 4 for receptor 3 and small quantities of fluoride anion, while the intensity of the absorption band centred at 365 nm remains unaltered the fluorescence intensity at 450 nm progressively increases until 10 equivalents of fluoride were added.
Upon addition of higher amounts of fluoride, the intensity of the band at 450 nm decreases due to the formation of a new compound that absorbs and emits at longer wavelengths (deconvolution studies reveals that the bands for the new product are centred at 450 and 500 nm for the absorption and emission spectra respectively). Finally, upon addition an excess of fluoride anion the emission band at 500 nm enhanced its intensity in a continuous fashion.
Thus, fluorescence measurements suggest that interaction of the receptors with fluoride takes place in two steps as it was observed in the UV-Vis studies. In the first step the anion coordinates with the acidic NH protons of the thiourea moiety through hydrogen bonding interactions leading to an increase in the donor capacity of the binding site. This hydrogen bonding interactions only induces a small shift in the UV-Vis bands but is able to induce a remarkable enhancement of the emission. Upon addition of more equivalents of the anion, a deprotonation process of the receptor occurs. This deprotonation process induced a strong electronic rearrangement of the receptor with the direct consequence of the appearance of a red-shifted visible and emission bands (see Scheme 2). 
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UV-Vis and fluorescence titrations with receptors 3 and acetate were also carried out ( Figure 5 ). For this receptor a 4-fold enhancement in the emission intensity upon addition of increasing quantities of acetate anion was observed. This enhancement in the emission intensity was assigned to the formation of Y-shaped hydrogen-bonding complex between the NH thiourea protons of the receptor and acetate anion. This is reflected in the UV-Vis spectrum in the decrease in the absorption intensity and in a low bathochromic shift of the visible band, whereas in the fluorescence titration a continuous increase in the emission intensity at 500 nm occurs. As acetate is less basic than fluoride only a poorly developed redshifted visible band due to deprotonation is observed whereas the red-shifted band in the emission spectra can not be observed and probably lies below the intense emission of the band at 450 nm. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 triplet) and 7.61 (2H, broad doublet) ppm whereas protons of the p-disubstituted benzene ring display a broad singlet at 7.90 ppm. The protons of the 1,4-disubstituted thiophene ring (Hc and Hd) appeared at 7.61 (overlapped with two protons of the monosubstituted benzene ring) and at 7.77 ppm as narrow triplets because formed an ABX system with a long range coupling to the proton of imine moiety (He).
Finally, the imine proton is a broad singlet at 8.33 ppm and the N-H protons of the thiosemicarbazone group also are broad singlets at 9.88 and 11.97 ppm. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Table 3 . Stabilisation energy of the deprotonation for receptors 1-6. The more negative the value the stronger the hydrogen-bond donor character (i.e. more acidic is the receptor).
a Deprotonation at the H g proton (see Scheme 3) b Deprotonation at the H f proton (see Scheme 3) This observed behaviour in the 1 H NMR spectra with basic anions (i.e. deprotonation of the N-H group closer to the phenyl group) contrasts with the 1 H NMR chemical shifts observed for H f and H g protons of receptor 6 that appear to indicate that H f is more acidic than H g . In order to contrast this observation, quantum mechanical calculations were carried out. A convenient, simplified way of describing the hydrogen bond-donating or -accepting ability of a molecule at a particular site can be assessed through the gas-phase deprotonation energy determined by quantum chemical calculations. We thus determined the acidity of the receptors at a semiempirical level, employing the PM3 model by subtracting the energy of the receptor alone from that of the deprotonated form. For this calculations receptors 1-6 containing thiophene heterocycles were selected in order to obtain data that would be comparable. These thiosemicarbazone receptors contain two N-H groups and calculations suggest that the most acidic is the one attached to the imine carbon directly bonded to the thiophene heterocycle (H f in Scheme 3). The results obtained for the theoretical calculations are shown in Table 3 , but are not in 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   21 agreement with the 1 H-NMR results that suggest that deprotonation occurs at the H g proton. This discrepancy reflects that the question related with the interaction of basic anions with urea and thiourea derivatives (complexation versus deprotonation) is still far of being a resolved goal and suggest that more studies should be carried out.
Despite this impossibility of decide with certainty which is the proton involved in the deprotonation process, the predicted acidity of the different ligands 1-6 using quantum chemical calculations agrees with the observed chromo-fluorometric behaviour in the presence of anions. Thus, anion basicity in acetonitrile is expected to follow the order F
agreement with the Hoffmeister series, whereas the acidity of the studied receptors follow the order 6 > 2 > 3 > 4 > 1 > 5 (see Table 3 ). Fluoride and cyanide, as the most basic anions, induced spectroscopic changes for all six 1-6 receptors, acetate as the next most basic anion, is only capable of coordinate with receptors showing larger hydrogen-bond donor properties (compounds 2, 3 and 6 from the family containing thiophene heterocycles), whereas dihydrogen phosphate only coordinate to the more acidic receptor (6) . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Table 4 . Electrochemical data of 3 in the presence of anions fluoride, cyanide and acetate in acetonitrile
Additionally cyclic voltammograms carried out on acetonitrile solution of 3 at negative potentials showed several reduction peaks that must be associated with the thiosemicarbazone moiety. In fact the redox properties of thiosemicarbazone derivatives containing thiophenes have been previously studied and multiple reduction processes have been reported to occur depending on the nature of the appended groups. Thus for instance the compound 4-phenyl-1-[(thiophen-2-yl)methylene]thiosemicarbazide has been reported to suffer reduction processes at -0.70, -1.16 and -1.50 V versus SCE. 27 In our case two poorly defined peaks at -0.85 and -1.58 V and an intense irreversible reduction process at -2.04 V vs.
SCE were observed. This later peak may be attributed to the reduction of the imine moiety of the thiosemicarbazone group, 28 although reduction of the C=S bond or cleavage of the N-N group have also been suggested as possible mechanism for the reduction processes in derivatives of thiosemicarbazones. 29 The electrochemical studies with 3 in the presence of certain anions show clear redox shifts especially for the more cathodic reduction process. Thus, the addition of increasing amounts of anions fluoride, acetate and cyanide to acetonitrile solutions of 3 (C = 0.125 mol dm -3 ) resulted in a remarkable anodic shifts of 140, 140 and 40 mV of the wave at -2.04 V respectively (see Table 4 ). In 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 59 60 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 25 Hz, 1H, 4'-H), 7.00 (d, J = 3.9 Hz, 1H, 3'-H), 7. The concentrations of ligands used in these measurements were ca. 5.0 x 10 -5 mol dm -3 . The NMR studies were carried out under similar conditions. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Theoretical studies: Quantum chemical calculations at semiempirical level (PM3, within restricted Hartree-Fock level) were carried out in vacuo with the aid of Hyperchem V6.03. The Polar-Ribiere algorithm was used for the optimization. The convergence limit and the RMS gradient were set to 0.01 kcal mol -1 .
Page 28 of 33

ACS Paragon Plus Environment
Submitted to The Journal of Organic Chemistry   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Page 31 of 33
Submitted to The Journal of Organic Chemistry   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Page 32 of 33
Submitted to The Journal of Organic Chemistry   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 
